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Sum m ary.| The m odelling ofnon-perturbative eects is an im portant part of
m odern collider physics sim ulations. In hadron collisions there is som e indication
thatthe m odelling ofthe interactionsofthe beam rem nants,the underlying event,
m ay requirenon-trivialcolourreconnection eectsto bepresent.W erecently intro-
duced auniversally applicabletoy m odelofsuch reconnections,based on hadronising
strings. This m odel,which has one free param eter,has been im plem ented in the
Pythia eventgenerator. W e then considered severalparam eter sets (‘tunes’),con-
strained by tsto Tevatron m inim um -bias data,and determ ined the sensitivity of
a sim plied top m assanalysisto these eects,in exclusive sem i-leptonic top events
at the Tevatron. A rst attem pt at isolating the genuine non-perturbative eects
gave an estim ate oforder  0:5G eV from non-perturbative uncertainties. The re-
sultspresented herearean updateto theoriginalstudy and includerecentbug xes
ofPythia thatinuenced the tuningsinvestigated.
PACS 12.38.-t { Q uantum Chrom odynam ics.
PACS 13.85.Hd { Inelastic scattering:m any-particle nalstates.
PACS 13.87.Fh { Fragm entation into hadrons.
PACS 14.65.Ha { Top quarks.
1.{ Introduction
The top quark m ass is the only free param eter specic to the top quark sector of
theStandard M odelofelem entary particlephysics(SM ).Directm easurem entsfrom the
Tevatron [1]com bined with indirectdeterm inationsfrom electroweak precision m easure-
m entscan therefore be used to testthe consistency ofthe SM and to predictthe Higgs
boson m asswithin thistheoreticalfram ework [2].
The question ofwhether the direct and the indirect results concern the sam e m ass
param eterisan im portantissue in thiscontext.Atthe very least,the sam e theoretical
denition m ustbe used throughout,to ensure thatconsistency checksand Higgsm ass
predictionsare valid. Atpresent,itiscustom ary to assum e thatthe quoted valuesfor
directm easurem entscorrespond to the pole m ass. In practice,alldirectm easurem ents
ofthe top quark m ass are calibrated back to a value corresponding to the input top
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quark m ass in one ofthe M onte Carlo program s[3,4]. Uncertainties on higher order
correctionsand softQ CD eectsaectthiscalibration,through them odelling ofparton
showers,underlying event,colourreconnections,and hadronisation. O ne can therefore
be concerned whether these calibrations alter the m eaning ofthe m ass determ ined in
Tevatron m assm easurem ents.
In an earlierwork [5],weaddressed theinuenceofthem odelling used in sim ulating
top quark pair events in Tevatron proton anti-proton collisions with specialem phasis
on underlying-eventand colour-reconnection eects.The inuence ofvariousm odelson
a toy m assm easurem entwasused to derive calibration uncertaintiesforthe top quark
m assm easurem entfrom non-perturbativeQ CD eects.
W ehereupdate the resultspresented in [5].M ostim portantly,weusea m orerecent
version ofthe Pythia generator(6.416,ascom pared to 6.408),which takesinto account
im portantbug xesaecting the tuning ofthe p? -ordered parton shower(see [6]). W e
alsoincludeacom parisontorecentlypublished CDF dataon theaveragep? asafunction
ofobserved m ultiplicity in m inim um -biasevents[7],a distribution which appearsto be
highly sensitiveto colourcorrelations.
2.{ M odelling in H adron C ollisions
Thesim ulation ofproton anti-proton collision attheTevatron isseparated into m any
steps,only som e ofwhich are com putable from rstprinciples. The parton contentof
the colliding protons and anti-protons is described by parton density functions tted
to experim entaldata. Ata \hard scale" characteristicofthe processin question,these
functionsareconvoluted with m atrixelem entstodescribethefundam entalshort-distance
process. Initial-state parton showersthen evolve the incom ing partonsselected forthe
hard interaction \backwards" [8]from the hard scale down to an infrared cuto,and
likewisenal-stateshowersevolvetheoutgoingpartonsdown toahadronisationcuto,at
which pointa hadronisation m odeltakesover.In parallelto thehard process,additional
interactions (gluon exchanges) m ay occur between the (anti-)proton rem nants. These
give rise to an \underlying event" (UE),whose detailed structure cannotatpresentbe
derived from rstprinciples. Instead,generatorslike Pythia [3]and Jim m y [9]rely on
m odelsofm ultiple parton-parton interactions(M PI)[10,9,11]to describethisaspect.
TheM onteCarlogeneratorPythia 6.4 [3]actually providestwodierent,butrelated,
m odels to describe the underlying event. The older m odel[10]treats the underlying
eventonly afterinitial-stateshowering ofthehard processiscom plete.Additionalback-
to-back parton pairs(eithergg orqq,with the relativecom position user-speciable)are
then allowed to be created by subsequent M PIprocesses am ong the rem nants. These
extra parton pairsarenotshowered,butarefed directly into thehadronisation,together
with thepartonsfrom thehard process.Thecolourcorrelationsbetween thehard-process
partonsand theM PIpartonsareuser-speciable.Em pirically,they arefound to haveto
be ratherstrong,seebelow.The new m odel[11]instead interleavesthe additionalM PI
processes,and showers o them ,with the initial-state parton shower evolution o the
hard process.Ittherebyim plem entsasuccessivene-grainingofallperturbativeactivity.
Variousoptionsforcolourconnectionsand colourreconnectionsbetween and inside the
M PI\chains" exist,see below. The new m odelalso incorporatesa m ore sophisticated
treatm entofbeam rem nants[12],including baryon junctions[13].
Them odelsaregoverned byseveralparam etersinuencing,e.g.,theprobabilityofad-
ditionalinteractionsortheirm om entum distributions.Theseparam etersarenotknown
a prioriand thusneed to betuned to describethedata.W ehaveherechosen to focuson
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Fig.1.{ Average transverse m om entum in m inim um bias events as function ofthe charged
m ultiplicity.O ne can clearly see the change between the old defaultand Tune A.
twospecicdistributions,thecharged m ultiplicity and theaveragetransversem om entum
oftheparticlesin eventsselected with a m inim um -biastrigger.Itshould benoted that,
even with tuning,oneshould notexpectallm odelsto beabletodescribethedata,owing
to shortcom ingsin theirphysicsdescriptions,aswillbe com m ented on below.
Severalolder tunes ofPythia param etersobtained from CDF ts to m inim um bias
data are available,e.g.,Tune A,Tune DW ,Tune BW ,etc.[14]. These allsignicantly
m odify theoriginaldefaultparam etersfortheunderlyingevent,c.f.Fig.1,changeswhich
are m otivated directly by im proving the description ofthe data. O ne striking com m on
feature ofthese tunes is that the param eters describing the probability ofnon-trivial
colourconnectionsbetween the additional-parton interactionsand the hard scattering,
PARP(85) and PARP(86),are signicantly enhanced. W e here interpret this as a sign
ofactualcolour reconnections happening in the underlying event,and investigate the
consequencesofthishypothesis.
3.{ C olour R econnection M odels
In hadron collisions,theunderlying eventproducesan additionalam ountofdisplaced
colourcharges,translating to a largerdensity ofhadronising stringsbetween the beam
rem nants.Itisnotknown to whatextentthe collective hadronisation ofsuch a system
diersfrom a sum ofindependentstring pieces. M easurem entsatLEP [15,16,17,18]
would not have been sensitive to this eect,and hence it is quite possible that colour
reconnection (CR) eects in hadron collisions m ay be substantially stronger than the
LEP constraintswould appearto allow,iftaken atface value.
However,m ost ofthe CR m odels investigated at LEP focused exclusively on W W
physics,and sowerenotim m ediatelyapplicabletohadron collisions.Colourreconnection
eectsin tteventswererstconsidered in [19],butalsothereonly in thecontextofe+ e 
collisions. W e therefore recently introduced a toy m odelofcolourreconnection m odels
form oregeneralsituations,based on an annealing-likem inim isation ofa m easureofthe
potentialenergy oftheconnem enteld.Thisso-called colourannealing m odel[20]has
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Fig. 2.{ G enerator levelcom parison of various m odels available in Pythia 6.416. Charged
m ultiplicity distribution (right) and m ean transverse m om entum as function of the charged
m ultiplicity.
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Fig.3.{ Com parison ofvarious m odels available in Pythia 6.416 including cuts used by CD F
(p? > 0:4G eV,jj< 1:0) [7]. Charged m ultiplicity distribution (right) and m ean transverse
m om entum as function ofthe charged m ultiplicity. The data shown in the right plot becam e
available during theconference and so were notyetused directly to tunetheannealing m odels.
been im plem ented in the Pythia generatorsince version 6.402.Alternative m odels,e.g.
theonesby Rathsm an [21]and by W ebber[22],would also beinteresting to explore,but
we have so farnotdone this. W e em phasise thatboth in the old m odels(Tune A and
cousins)aswellasin the new m odels(Tune S0 and cousins)the colourcorrelationsof
the underlying eventaectsthe string topology ofthe hard interaction aswell. In the
old m odel,gluonsfrom theunderlying eventaresequentially \attached" to string pieces
dened by the hard interaction,and hence cause wrinkles and kinks on the existing
topology. In the new,annealing,m odels,m ore radicalchanges are possible,with the
colourow ofthe hard interaction notnecessarily preserved atall.
Briey described,the annealing m odels work in the following way [20]. At hadro-
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nisation tim e,each string piece is a assigned a xed probability to participate in the
annealing,Preconnect = 1  (1  )
n.Here, isparam etrising the strength ofthe recon-
nection eectand n isthenum berofparton interactions,i.e.roughly countsthenum ber
ofpossiblereconnections.Fortheparticipatingstringpieces,new connectionsarechosen
to m inim ise the string length and thus to m inim ise the potentialenergy in the string.
Notethatthesenew connectionsarenotexplicitly prevented from being thesam easthe
originalones,ifthatiswhatm inim ises the string length. Pythia providesthree m odel
variationsthatdierin the suppression ofgluon-only strings.
The colour annealing m odels yield im portant changes in the description ofthe un-
derlying event.Thusboth the CR and UE m odelswere tuned anew.Due to diculties
in obtaining the data itself,the tuning was originally done with respect to two ofthe
existingm odelparam etersets:TuneA and TuneDW .Twoobservables,thecharged m ul-
tiplicity distribution and the average transverse m om entum asfunction ofthe charged
m ultiplicity,hpT i(N ch),were used forthe tuning.In Fig.2 the variousm odeltunesare
com pared forthe two observablesused in tuning. M ostofthe m odelsgive very sim ilar
results,only theNOCR m odeldiersstrongly in hpT i(N ch).Thism odelexplicitly usesno
colourreconnection atall. Thisunderlinesthe factthatCR appearsto be a necessary
ingredienttoachieveconsistency with thedata.A m easurem entofhpT i(N ch)by CDF [7]
becam e available during the conference. It uses additionalcuts on the track m om enta
and pseudo-rapidity range,reecting the CDF detectoracceptance. Resultswith these
cutsand a com parison to data isshown in Fig.3.
Tunes forthe described colourreconnection m odels rstappeared in Pythia v6.408
and wererevised in v6.414 aftera bug aecting the pT ordered showerwasxed.Since
v6.413,hard-coded presets for alltunes considered here,and others,can be accessed
via Pythia’sMSTP(5) variable,see[6].Som e additionaldiscrim inating distributionsand
extrapolationsto the LHC can be found in [23].
4.{ Toy Top M ass M easurem ents
Asdiscussed in theintroduction,theunderlying eventand colourreconnection eects
m ay inuencetheresultsobtained in m easurem entsofthehard process.AtLEP,theW
m asswasespecially sensitiveto theseeects.Thisbringsusback to the question ofthe
inuenceofthevariousm odelson m easurem entsofthetop quark m assattheTevatron.
Currentm easurem entsofthe top quark [1]consistofthree m ain ingredients: First,
a m assestim atorbased on the reconstructed physicsobjects,i.e.,jets,lepton and m iss-
ing transverse energy. Such an estim ator uses a jet-parton assignm ent done by either
choosing orweighting thevariouspossibilities.Second,currentm easurem entsincludean
overalljetenergy scale(JES)correction factor,which reducesthedom inating system atic
uncertainty by using thewellknown W m assasan additionalconstraint.And nally all
m ethodsarecalibrated to sim ulation by correcting any osetbetween thereconstructed
top m assand the nom inalvalue ofthe sim ulation. Itisespecially in thislaststep that
the dierentm odelsm ay aectthe outcom eofthe procedure.
To concentrate on physics eects and to avoid dealing with detector sim ulation a
sim plied toy m assm easurem entforlepton plusjetseventsisim plem ented on generator
level.Forthistoym assm easurem entsonlysem i-leptonictop paireventsareinvestigated.
Jetsarereconstructed using a conealgorithm [24,25]with R = 0:5,p T > 15G eV.The
eventsarerequired to haveexactly foursuch jets.A sim plied jet-parton assignm entis
done by m atching the reconstructed jetsto the M onte Carlo truth by R.O nly events
with a unique assignm entare kept. The top m assis com puted in each eventfrom the
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three jetsassigned to the hadronically decaying top quark.
To obtain a m ass estim ator for a fulldataset the peak ofthe the distribution of
reconstructed top m assvaluesistted with a G aussian.A trangeof 15G eV isused
and the t is iterated to assure that the nalt range is sym m etric around the tted
m ass,m ttop. As the jets aren’t corrected for out-of-cone eects this m ass estim ator is
expected to give results that are lower than the nom inalvalue in the sim ulation. In
analogy to the JES correction factor this can be corrected for by using the W m ass
inform ation.An event-by-eventW m assisreconstructed again by tting a G aussian to
the distribution ofm assvaluesreconstructed from thetwo jetsassigned to thehadronic
W decay.A scaled top m assestim atoristhen constructed asm scaledtop = sJES m
t
top where
the scale factorissJES = 80:4G eV=m W ,with m W being the W m assobtainsfrom the
t. Thus the sim plied top m ass m easurem ents provide two results m ttop and m
scaled
top ,
onebefore JES correction and oneafter.
5.{ C alibration U ncertainties for the Top M ass
Calibration curvesforboth top m assestim ateswerecreated by scanning thenom inal
top m assfrom 165to185G eV and com putingthedescribed m assestim atorforeach ofthe
nom inalvalues.Exam plecalibration curvesforboth m assestim atorsareshown in Fig.4.
Thecurvesshow an excellentlinearity.Asexpected theosetfortheun-scaled estim ator,
m ttop,is negative and scaling with the W m assbrings the scaled result,m
scaled
top ,closer
to the nom inalresult. The procedure hasbeen repeated forvarious(tuned)m odels to
com paretheosetsofthecalibration curves.Theosetsareobtainsfrom a straightline
tand evaluated atm t = 175G eV.Theresultsforthevariousm odelsaresum m arised in
Fig.5 forboth m assestim ators.Them odelsexhibita spread of 0:8G eV and  1:0G eV
forthe m ttop and m
scaled
top estim ators,respectively.
In realm assm easurem entsthecalibration osetsareused to correctthem assestim a-
torto the nom inalvalue. The correctionsderived from the sim ulation are then applied
to the realdata. But the choice ofthe m odelused to perform the calibration is am -
biguous and hence the spread between the m odels m ustbe considered asa calibration
rescale
 !
Fig.4.{ Calibration curve obtained with Tune A before (left)and after (right)JES rescaling.
TheinsetshowstheG aussian tto thedistribution ofreconstructed top m assesforonespecic
nom inaltop m ass,m
gen
top = 175G eV.





















Fig.5.{Com parison ofcalibration osetsobtained foreach m odel.Thecolum n on theleft(dots)
show the resultsobtained before JES rescaling,the rightcolum n (squares)afterrescaling.The
statisticalprecision due to the nite num berofgenerated eventsisatthe levelof 0:15G eV.
uncertainty.The sourceofthe spread can be separated into two sourcesby noting that
them odelsused fallin two classes:Thosethatutilisethe’old’virtuality-ordered parton
showerand those that utilise the ’new’pT -ordered one. The largestcom ponent ofthe
dierence is between these two classes,indicating a perturbative nature ofm ost ofit.
W ithin each classdierencesoflessthan  0:5G eV on the top m assrem ain,which are
assigned to the non-perturbative dierencesbetween the variousm odels. In Fig.5 the
classesaregrouped by coloured bands.
Itshould be noted thatdierentm assestim atorsm ay have a dierentsensitivity to
the m odeldierencesand thus m ay exhibita dierentuncertainty. The resultsofthis
toy m assanalysisare therefore only a rsthint to the actualsize ofthe eects,which
should be studied foreach realm assm easurem entseparately.
6.{ Sum m ary
Top m ass m easurem ents are now reaching totaluncertainties below 1:5G eV. At
this precision non-perturbative eects m ay becom e im portant. A set ofnew,univer-
sally applicable m odelsto study colourreconnection eectsin hadronic nalstateswas
presented. The m odels apply an annealing-like algorithm thatm inim ises the potential
energy within string hadronisation m odels.Them odelsweretuned sim ultaneously with
theunderlying-eventdescription ofPythia to distributionssensitiveto non-perturbative
eectsin m inim um -biassam ples.Theinuenceofchanging underlying eventm odel,the
colourreconnection and parton showerson m easurem entsofthe top m ass wasinvesti-
gated in a toy m ass analysis,resulting in variations ofabout  1:0G eV on the recon-
structed top m ass. O fthis totaluncertainty we tentatively attribute about0:7G eV to
perturbative eectsand oflessthan 0:5G eV to non-perturbativesources.These results
were obtained with Pythia v6.416 with tunes updated after xing a bug in the pT or-
dered shower.W hile the m odeldierencesare slightly reduced with the new version of
Pythia,the qualitative conclusionsof[5],derived with an olderversion ofthe generator
and tunes,rem ain unchanged.
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